**Core tip:** This work aims to analyze the effects of experimental ulcerative colitis (EUC) in ileum myenteric neurons immunoreactive (ir) for P2X7 receptor, neuronal nitric oxide synthase, choline acetyltransferase, HuC/D and enteric glial cells immunoreactive for glial fibrillary acidic protein. The animals were treated with P2X7 receptor antagonist, brilliant blue G (BBG). The results showed that the numbers of neuronal nitric oxide synthase-, choline acetyltransferase-, HuC/D-ir neurons and glial fibrillary acidic protein-ir glial cells were decreased in the EUC group and recovered in the animals treated with BBG. BBG treatment demonstrated that the P2X7 receptor may be a possible therapeutic target in the treatment of the EUC.

INTRODUCTION
============

The enteric nervous system (SNE) performs functions in gastrointestinal tract motility, control of gastric acid secretion, regulation of fluid movement through the epithelium, changes in local blood flow, and interactions with the endocrine and intestinal immune systems\[[@B1],[@B2]\]. This system has two ganglionic plexuses, the myenteric plexus and the submucosal plexus. The myenteric plexus is located between the outer longitudinal muscular layer and the circular muscle layer, extending throughout the digestive tract from the esophagus to the rectum. The submucosal plexus is found predominantly in the small and large intestines and has a smaller ganglion, and its interconnected fibers are thinner compared to those of the myenteric plexus\[[@B1],[@B2]\]. Enteric glial cells have functions to support neurons, regulate synaptic transmission, and release cytokines\[[@B3],[@B4]\].

Inflammatory bowel diseases (IBDs) are disorders that affect the digestive tract. These problems include ulcerative colitis and Crohn\'s disease\[[@B5]\]. There are changes in SNE populations in ulcerative colitis of animals and humans\[[@B6]-[@B10]\]. Additionally, McCready et al\[[@B11]\] described the expansion of the inflammatory process from the distal ileum.

Studies have shown that the release of ATP by enteric neurons as noncholinergic and nonadrenergic neurotransmitters may be related to intestinal motility\[[@B12]-[@B15]\]. Purinergic receptors are classified into P1 and P2, where P1 receptors are activated by the adenine nucleoside and P2 receptors are activated by the nucleotide ADP (adenosine diphosphate) or ATP\[[@B16]\]. P2X receptors are ion channels with selective permeability to Ca²^+^, K^+^ and Na^+^ cations, and they can be found in the central nervous system, ENS and enteric glial cells\[[@B15],[@B17],[@B18]\]. Seven types of P2X receptors have been described: P2X1, P2X2, P2X3, P2X4, P2X5, P2X6 and P2X7\[[@B18]-[@B21]\].

The P2X7 receptor has been described in the ENS\[[@B22],[@B23]\]. Studies show that brilliant blue G (BBG) is a P2X7 antagonist, and its low toxicity\[[@B24],[@B25]\] and high selectivity make this compound an ideal candidate to block the adverse effects of P2X7 receptor activation\[[@B26]\]. P2X7 receptor-deficient animals have been shown to exhibit improvements in their overall condition when subjected to experimental ulcerative colitis\[[@B27]\]. Peng et al\[[@B28]\] demonstrated recovery of the rat spinal cord after mechanical injury following BBG administration. Additionally, Palombit et al\[[@B29]\] observed recovery of BBG-treated enteric neurons following an ischemia and reperfusion protocol.

This work aims to analyze the effects of experimental ulcerative colitis in neurons immunoreactive (ir) for neuronal nitric oxide synthase (nNOS), choline acetyltransferase (ChAT) which is marker for intrinsic primary afferent neurons (IPANs) and excitatory motor neuron, and HuC/D (a pan-neuronal marker) and enteric glial cells immunoreactive for glial fibrillary acidic protein (GFAP) in the ileum in animals treated with BBG.

MATERIALS AND METHODS
=====================

The animal experiments in this study were conducted according to the current regulations of the Ethics Committee on Animal Use of the Biomedical Science Institute of the University of São Paulo. Furthermore, all protocols were approved by the Ethics Committee on Animal Use of the Biomedical Science Institute of the University of São Paulo (Protocol 68/2016). Young male Wistar rats (200--300 g body weight) were maintained under standard conditions at 21 °C with a 12-h light-dark cycle. All groups were supplied with water *ad libitum*.

Ulcerative colitis induction
----------------------------

The rats were anesthetized with a mixture of xylazine (20 mg/kg) and ketamine (100 mg/kg) administered subcutaneously. Inflammation was induced through the intrarectal insertion of a polypropylene 8 cm cannula. 2,4,6-trinitrobenzene sulfonic acid (TNBS, Sigma, Saint Louis, United States) was injected at a dose of 30 mg/kg in 600 μL of 30% ethanol in the colon lumen (*n* = 5). Sham animals (*n* = 5) were injected with vehicle. BBG (50 mg/kg, Sigma Aldrich, United Kingdom, *n* = 5) or saline was injected 1 h following TNBS injection (*n* = 5)\[[@B28],[@B29]\]. The survival time after colitis induction was 24 h.

For macroscopic and microscopic analyses, colitis was assessed according to macroscopic colonic injury\[[@B30]\]. The scores were stratified as follows: 0 = normal, 1 = presence of hyperemia without ulcers, 2 = ulcerations without hyperemia, 3 = ulcerations at one site, 4 = two or more sites of ulcerations, 5 = sites of damage extending \> 1 cm, and 6 to 10 = sites of damage extending \> 2 cm, with the score increasing by 1 for each additional cm\[[@B30]\]. The microscopic colitis scores were assessed using a scoring system adapted from Erdogan et al\[[@B31]\] and Fabia et al\[[@B32]\]. The scores were categorized as follows according to the corresponding parameters. Ulcerations: 0 = no ulcer, 1 = single ulceration not exceeding the lamina muscularis mucosa, 2 = ulcerations not exceeding the mucosa, and 3 = ulcerations exceeding the submucosa. Edema (submucosa): 0 = no edema, 1 = mild edema, 2 = moderate edema, and 3 = severe edema. Inflammatory cell infiltration: 0 = no infiltration, 1 = mild infiltration, 2 = moderate infiltration, and 3 = dense infiltration.

The scoring of the disease activity index (DAI) was analyzed in the control, sham and colitis rats. Percentage weight change, stool consistency and/or presence of occult bleeding were examined. The scores were categorized as follows according to the corresponding parameters. Weight change (%) score: 0 = 1%, 1 = 1%-5%, 2 = 5%-10%, 3 = 10%-15%, and 4 = \> 15%. Stool consistency (%) score: 0 = normal^a^ (well-formed pellets), 1 = normal, 2 = loose stool^b^ (pasty and semiformed stools that do not stick to the anus), 3 = loose stool, and 4 = diarrhea^c^ (liquid stools that stick to the anus). Occult/gross rectal bleeding: 0 = normal, 1 = occult blood +, 2 = occult blood ++, 3 = occult blood +++, and 4 = gross bleeding. The disease activity index was calculated by summing the score parameters\[[@B7],[@B33],[@B34]\].

Immunohistochemistry
--------------------

For immunohistochemistry, fresh segments of the ileum were dissected and placed in PBS containing nicardipine (10^-6^ mol/L, Sigma, United States) to inhibit tissue contraction. The segments were opened along the mesenteric border and cleaned with PBS. The tissues were then placed mucosal side down onto a sheet of balsa wood and fixed overnight at 4 °C with 4% paraformaldehyde in sodium phosphate buffer 0.2 mol/L (pH 7.3). The next day, the tissue was cleared of fixative with three 10-min washes in 100% dimethyl sulfoxide (DMSO), followed by three 10-min washes in PBS. All tissue was stored at 4 °C in PBS containing sodium azide (0.1%). The tissue collection was performed by the same researcher who placed the tissue onto the balsa board to be fixed (see material and methods). The processing maintained the same stretch between preparations.

The fixed tissue was subdissected to remove the mucosal and circular layers, producing only the longitudinal muscle layer with the myenteric plexus. For immunohistochemistry, the myenteric plexus of the ileum was preincubated with 10% normal horse serum in PBS containing 1.5% Triton X-100 for 45 min at room temperature. The antibodies used in this study are listed in Table [1](#T1){ref-type="table"}. Double labeling was achieved using combinations of the antisera indicated in Table [1](#T1){ref-type="table"}. After incubation with primary antisera, tissues were washed three times for 10 min each time in PBS and incubated with various secondary antibodies (Table [1](#T1){ref-type="table"}). The PBS washes were repeated, and the tissue was mounted in buffered glycerol with 0.5 mol/L sodium carbonate (pH 8.6).

###### 

Characteristics of primary and secondary antibodies

  **Antigen**                  **Host**   **Dilution**                **Source**
  ---------------------------- ---------- --------------------------- ----------------------------
  P2X7 receptor                Rabbit     1:200                       Millipore (AB5246)
  nNOS                         Sheep      1:2000                      Millipore (AB1529)
  ChAT                         Goat       1:50                        Chemicon (AB144P)
  Anti-HuC/D                   Mouse      1:100                       Molecular probes (A-21271)
  GFAP                         Rabbit     1:400                       DAKO (Z0334)
  GFAP                         Mouse      1:200                       Sigma (G3893)
  Secondary antibodies                                                
  Donkey anti-rabbit IgG 488   1:500      Molecular probes (A21206)   
  Donkey anti-sheep IgG 594    1:100      Molecular probes (A11016)   
  Donkey anti-mouse IgG 594    1:200      Molecular probes (A21203)   

nNOS: Neuronal nitric oxide synthase; ChAT: Choline acetyltransferase; GFAP: Glial fibrillary acidic protein.

The stained tissue specimens were examined using a Nikon 80i ﬂuorescent microscope. The images were captured using a digital camera and the NIS Nikon software package. Additionally, the tissue specimens were analyzed using confocal microscopy on a Zeiss confocal scanning laser system installed on a Zeiss Axioplan 2 microscope. Images were taken at 512 × 512 pixels, and the thickness of each optical section was 0.5 µm. Z-stacks of ir cells were captured as a series of optical sections with a center spacing of 0.2 µm. The confocal images were collected using LSM 5 Image Zeiss processing software and were further processed using Corel Photo Paint and Corel Draw software.

Histological analysis
---------------------

Samples of ileum and distal colon from the sham (*n* = 3), TNBS (*n* = 3) and BBG (*n* = 3) groups were washed in PBS, opened at the mesenteric border, placed on balsa wood and fixed in 4% paraformaldehyde for 48 h. The tissues were treated in increasing concentrations of alcohol, cleared in xylene and embedded in Paraplast Plus^®^ (Sigma). The tissues were cut (5 mm) and stained with hematoxylin-eosin (HE). Qualitative analysis was performed to observe changes caused by experimental ulcerative colitis. For analyzes it was used a Nikon 80i microscope coupled to a camera with NIS-Elements AR 3.1 (Nikon) software.

Quantitative analysis
---------------------

The analyzes were also done by double marking the membrane preparations on the Nikon 80i fluorescence microscope. First, the neurons were located by the presence of the fluorophore that marks an antigen and then the filter was changed to determine whether or not the neuron was marked by a second antigen, located by a second fluorophore of a different color. The cohort size was 100 neurons, and the data were collected from preparations obtained from five animals. The percentages of double-ir neurons were calculated and expressed as the mean ± SE (*n* = number of preparations). In total, 100 neurons and 100 enteric glial cells from each membrane preparation were analyzed from each of the sham (*n* = 5), TNBS (*n* = 5) and BBG (*n* = 5) groups\[[@B7],[@B29]\]. The density of neurons (neurons/cm^2^) ir for P2X7, nNOS, ChAT, anti-HuC/D (pan-neuronal marker) and GFAP (pan-glial cells) as well as the neuronal morphological profiles was measured by analyzing all of the samples at 100 × magnification. Counts were made in 40 microscopic fields (0.000379 cm^2^) for each antigen in a zig-zag pattern to avoid counting the same area more than once for each antigen in each animal, and a total of 200 microscopic fields were analyzed per immunoreactivity. Cell profile areas (µm^2^) were obtained for 100 randomly selected neurons in two whole-mount preparations per animal per nNOS, ChAT, anti-HuC/D immunoreactivity assay from 5 rats for each group. A total of 500 neurons per group were analyzed using a Nikon 80i microscope coupled to a camera with NIS-Elements AR 3.1 (Nikon) software and were measured using Image-Pro Plus software version 4.1.0.0. Data were compared by analysis of variance (ANOVA) and Tukey's test for multiple comparisons, as appropriate. *P* \< 0.05 was considered statistically significant.

RESULTS
=======

On histological analysis, the ileum showed no lesions and had a normal appearance in the sham, TNBS and BBG groups (Table [2](#T2){ref-type="table"}). However, the histological observations showed that in distal colon the edema and inflammatory cell infiltration in the TNBS group. The mucosa, the circular and longitudinal muscles and the distal colon enteric neurons in the Sham and BBG groups were preserved. Additionally, the microscopic scores did not indicate ulcerations, edema or inflammatory cell infiltration in the ileums of all groups (Table [2](#T2){ref-type="table"}).

###### 

Macroscopic and microscopic scores of ileums from the sham, 2,4,6-trinitrobenzene sulfonic acid and brilliant blue G groups

  **Variables**                    **Sham**   **TNBS**   **BBG**
  -------------------------------- ---------- ---------- ---------
  Macroscopic score                0          0          0
  Microscopic score                                      
  Ulcerations                      0          0          0
  Edema (submucosa)                0          0          0
  Inflammatory cell infiltration   0          0          0

For macroscopic and microscopic analyses colitis was assessed according to colonic injury\[[@B30]\]. The scores were stratified as follows: 0 = normal, 1 = presence of hyperemia without ulcers, 2 = ulcerations without hyperemia, 3 = ulcerations at one site, 4 = two or more sites of ulcerations, 5 = sites of damage extending \> 1 cm, and 6 to 10 = sites of damage extending \> 2 cm, with the score increasing by 1 for each additional cm\[[@B30]\]. The microscopic colitis scores were assessed using a scoring system adapted from Erdogan et al\[[@B31]\] and Fabia et al\[[@B32]\]. The scores were categorized as follows according to the corresponding parameters. Ulcerations: 0 = no ulcer, 1 = single ulceration not exceeding the lamina muscularis mucosa, 2 = ulcerations not exceeding the mucosa, and 3 = ulcerations exceeding the submucosa. Edema (submucosa): 0 = no edema, 1 = mild edema, 2 = moderate edema, and 3 = severe edema. Inflammatory cell infiltration: 0 = no infiltration, 1 = mild infiltration, 2 = moderate infiltration, and 3 = dense infiltration\[[@B31],[@B32]\]. TNBS: 2,4,6-trinitrobenzene sulfonic acid; BBG: Brilliant blue G.

The DAI showed changes in weight (%), stool consistency (%) and occult/gross rectal bleeding (%) in the sham, TNBS and BBG groups (Figure [1](#F1){ref-type="fig"}). The results show that there was an increase in DAI scores, stool consistency and occult bleeding in the TNBS group and a recovery in the BBG group. Histological studies revealed that the mucosa, lamina propria and submucosal ganglia in all groups were not affected (Figure [2](#F2){ref-type="fig"}).

![Scoring of the disease activity index in the in the sham, 2,4,6-trinitrobenzene sulfonic acid and brilliant blue G groups. A: The disease activity index was calculated by summing the score parameters: Mild activity was classified from 1 to 4; moderate activity, from 5 to 8; and maximal activity from 9 to 12. The scores were categorized as follows according to the corresponding parameters; B: Weight change score: 0 ≤ 1, 1 = 1-5, 2 = 5-10, 3 = 10-15, and 4 ≥ 15%; C: Occult/gross rectal bleeding: 0 = normal, 1 = occult blood +, 2 = occult blood ++, 3 = occult blood +++, and 4 = gross bleeding; D: Stool consistency score: 0 = normal (well-formed pellets), 1 = normal, 2 = loose stool (pasty and semiformed stools that do not stick to the anus), 3 = loose stool, and 4 = diarrhea (liquid stools that stick to the anus). DAI: Disease activity index; TNBS: 2,4,6-trinitrobenzene sulfonic acid; BBG: Brilliant blue G.](WJGP-11-84-g001){#F1}

![Photomicrographs showing sections stained with hematoxylin and eosin. A, B, E, F, I, J: Rat ileum myenteric plexus in the sham, 2,4,6-trinitrobenzene sulfonic acid (TNBS) and brilliant blue G (BBG) groups; C, D, G, H, K, L: Rat distal colon myenteric plexus in the sham, TNBS and BBG groups. The histological observations showed that in ileum the appearances of the mucosa, circular and longitudinal muscles and enteric neurons in the sham, TNBS and BBG groups were preserved. However, the histological observations showed that in distal colon the edema and inflammatory cell infiltration in the TNBS group. The mucosa, the circular and longitudinal muscles and the distal colon enteric neurons in the sham and BBG groups were preserved. Orange arrows indicate myenteric ganglia. CM: Circular muscle; LM: Longitudinal plexus; TNBS: 2,4,6-trinitrobenzene sulfonic acid; BBG: Brilliant blue G. Scale bars: A, C, D, E, G, H, I, K, L = 50 μm; B, F, J = 10 μm.](WJGP-11-84-g002){#F2}

Immunohistochemical analysis showed that the P2X7 receptor was present in the myenteric neurons in the sham, TNBS and BBG groups. P2X7 receptor-ir neurons were labeled for HuC/D, nNOS, ChAT and GFAP in all groups studied (Figures [3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}, [5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}). The P2X7 receptor immunoreactivity colocalized 100% with neurons positive for HuC/D, nNOS, ChAT and GFAP in all groups.

![Colocalization of the P2X7 receptor with neuronal nitric oxide synthase in neurons of the rat ileum myenteric plexus in the sham, 2,4,6-trinitrobenzene sulfonic acid and brilliant blue G groups. A-C: Sham group; D-F: 2,4,6-trinitrobenzene group; G-I: Brilliant blue G group. Neuronal nitric oxide synthase immunoreactivity (red; A, D, and G) colocalized with P2X7 immunoreactivity (green; B, E and H). Single arrows indicate double-labeled neurons. Scale bars = 50 µm. nNOS: Neuronal nitric oxide synthase; TNBS: 2,4,6-trinitrobenzene sulfonic acid; BBG: Brilliant blue G.](WJGP-11-84-g003){#F3}

![Colocalization of the P2X7 receptor with choline acetyltransferase in neurons of the rat ileum myenteric plexus in the sham, 2,4,6-trinitrobenzene sulfonic acid and brilliant blue G groups. A-C: Sham group; D-F: 2,4,6-trinitrobenzene group; G-I: Brilliant blue G group. Choline acetyltransferase immunoreactivity (red; A, D, and G) colocalized with P2X7 immunoreactivity (green; B, E and H). Single arrows indicate double-labeled neurons. Scale bars = 50 µm. ChAT: Choline acetyltransferase; TNBS: 2,4,6-trinitrobenzene sulfonic acid; BBG: Brilliant blue G.](WJGP-11-84-g004){#F4}

![Colocalization of the P2X7 receptor with HuC/D in neurons of the rat ileum myenteric plexus in the sham, 2,4,6-trinitrobenzene sulfonic acid and brilliant blue G groups. A-C: Sham group; D-F: 2,4,6-trinitrobenzene group; G-I: Brilliant blue G group. HuC/D immunoreactivity (red; A, D, and G) colocalized with P2X7 immunoreactivity (green; B, E and H). Single arrows indicate double-labeled neurons. Scale bars = 50 µm. TNBS: 2,4,6-trinitrobenzene sulfonic acid; BBG: Brilliant blue G.](WJGP-11-84-g005){#F5}

![Colocalization of the P2X7 receptor with glial fibrillary acidic protein in the rat ileum myenteric plexus in the sham, 2,4,6-trinitrobenzene sulfonic acid and brilliant blue G groups. A-C: Sham group; D-F: 2,4,6-trinitrobenzene group; G-I: Brilliant blue G group. GFAP immunoreactivity (red; A, D, and G) colocalized with P2X7 immunoreactivity (green; B, E and H). Single arrows indicate double-labeled enteric glial cells. Scale bars = 50 µm. GFAP: Glial fibrillary acidic protein; TNBS: 2,4,6-trinitrobenzene sulfonic acid; BBG: Brilliant blue G.\
 \
 ](WJGP-11-84-g006){#F6}

GFAP-positive glial cells were observed close to ChAT- and nNOS-immunoreactive neurons (Figures [7](#F7){ref-type="fig"} and [8](#F8){ref-type="fig"}).

![Double labeling of neuronal nitric oxide synthase and glial fibrillary acidic protein in the rat ileum myenteric plexus in the sham, 2,4,6-trinitrobenzene sulfonic acid and brilliant blue G groups. A-C: Sham group; D-F: 2,4,6-trinitrobenzene group; G-I: Brilliant blue G group. Neuronal nitric oxide synthase immunoreactivity (red; A, D, and G) did not colocalize with glial fibrillary acidic protein immunoreactivity (green; B, E and H). Single arrows indicate labeling of neuronal nitric oxide synthase-positive neurons, and double arrows indicate enteric glial cell positivity. Scale bars = 50 µm. nNOS: Neuronal nitric oxide synthase; GFAP: Glial fibrillary acidic protein; TNBS: 2,4,6-trinitrobenzene sulfonic acid; BBG: Brilliant blue G.](WJGP-11-84-g007){#F7}

![Double labeling of choline acetyltransferase with glial fibrillary acidic protein in the rat ileum myenteric plexus in the sham, 2,4,6-trinitrobenzene sulfonic acid and brilliant blue G groups. A-C: Sham group; D-F: 2,4,6-trinitrobenzene group; G-I: Brilliant blue G group. Choline acetyltransferase immunoreactivity (red; A, D, and G) did not colocalize with glial fibrillary acidic protein immunoreactivity (green; B, E and H). Single arrows indicate choline acetyltransferase-positive neurons, and double arrows indicate enteric glial cell positivity. Scale bars = 50 µm. ChAT: Choline acetyltransferase; GFAP: Glial fibrillary acidic protein; TNBS: 2,4,6-trinitrobenzene sulfonic acid; BBG: Brilliant blue G.](WJGP-11-84-g008){#F8}

P2X7 receptor immunoreactivity per area of neurons decreased in the TNBS group by 10.6% compared to that in the sham group (*P* \< 0.05). There was an increase of 20.4% in the BBG group compared to the TNBS group (*P* \< 0.01) (Figure [9A](#F9){ref-type="fig"}).

![Density of neurons expression in neurons of the rat ileum myenteric plexus in the sham, 2,4,6-trinitrobenzene sulfonic acid and brilliant blue G groups. A: P2X7 receptor; B: Neuronal nitric oxide synthase; C: Choline acetyltransferase; D: HuC/D; E: Glial fibrillary acidic protein. Counts were made in 40 representative fields for each antigen from each animal from the sham (*n* = 5), 2,4,6-trinitrobenzene sulfonic acid (TNBS) (*n* = 5) and brilliant blue G (BBG) groups (*n* = 5). Data were compared using analysis of variance and Tukey's test for multiple comparisons as appropriate. *P* \< 0.05 was considered statistically significant. ^a^*P* \< 0.05, comparing the TNBS group and sham group; ^b^*P* \< 0.05, comparing the BBG group and TNBS group. The data are expressed as mean ± SE. nNOS: Neuronal nitric oxide synthase; ChAT: Choline acetyltransferase; GFAP: Glial fibrillary acidic protein; TNBS: 2,4,6-trinitrobenzene sulfonic acid; BBG: Brilliant blue G.](WJGP-11-84-g009){#F9}

nNOS-positive neurons per area decreased by 22.9% in the TNBS group compared to the sham group (*P* \< 0.05). An increase of 22.2% was observed in the BBG group compared to the TNBS group (*P* \< 0.01) (Figure [9B](#F9){ref-type="fig"}).

The ChAT-immunoreactive neurons per cm^2^ were reduced by 34.0% in the TNBS group compared to the sham group (*P* \< 0.05), and they were increased by 13.9% in the BBG group compared to the TNBS group (*P* \< 0.01) (Figure [9C](#F9){ref-type="fig"}).

HuC/D-immunoreactive neurons per area reduced by 15.4% in the TNBS group compared to the sham group (*P* \< 0.05). Furthermore, there was an increase of 19.5% in the BBG group compared to the TNBS group (*P* \< 0.01) (Figure [9D](#F9){ref-type="fig"}).

The GFAP-positive enteric glial cells per cm^2^ reduced by 14.4% in the TNBS group compared to the sham group (*P* \< 0.05), and there was an increase of 17.7% in enteric glia in the BBG group compared to the TNBS group (*P* \< 0.01) (Figure [9E](#F9){ref-type="fig"}).

Regarding neuronal profile area, the nNOS profile area decreased by 12% in the TNBS group compared to the sham group (*P* \< 0.05), and an increase of 8% was observed in the BBG group compared to the TNBS group (*P* \< 0.05) (Figure [10A](#F10){ref-type="fig"}). No differences were observed between the ChAT- and HuC/D neuronal profile areas of the studied groups. Due to colocalization, the profile areas of P2X7-positive nerve cells in the myenteric plexus were not quantified (Figure [10](#F10){ref-type="fig"}).

![Cell body profile areas of neurons immunoreactive in neurons of the rat ileum myenteric plexus in the sham, 2,4,6-trinitrobenzene sulfonic acid and brilliant blue G groups. A: Neuronal nitric oxide synthase (nNOS); B: Choline acetyltransferase (ChAT); C: HuC/D. The cell perikaryal profile areas (µm^2^) of 100 neurons from each animal were obtained in the sham (*n* = 5), 2,4,6-trinitrobenzene sulfonic acid (TNBS) (*n* = 5) and Brilliant blue G (BBG) groups (*n* = 5). A total of 500 cell profile areas were analyzed for each group. Data were compared using analysis of variance and Tukey's test for multiple comparisons as appropriate. *P* \< 0.05 was considered statistically significant. ^a^*P* \< 0.05, comparing the TNBS group and sham group; ^b^*P* \< 0.05, comparing the BBG group and TNBS group. The data are expressed as mean ± SE. nNOS: Neuronal nitric oxide synthase; ChAT: Choline acetyltransferase; TNBS: 2,4,6-trinitrobenzene sulfonic acid; BBG: Brilliant blue G.](WJGP-11-84-g010){#F10}

The distribution of nNOS-positive neurons showed that the size ranged from 50 μm^2^ to 1050 μm^2^ and that 22% to 25% of neurons were between 150 μm^2^ and 350 μm^2^ in the sham, TNBS and TNBS groups (Figure [11A](#F11){ref-type="fig"}).

![Frequency distribution in cell profiles of neuronal immunoreactivity of neurons among neurons of the rat ileum myenteric plexus in the sham, 2,4,6-trinitrobenzene sulfonic acid and brilliant blue G groups. A: Neuronal nitric oxide synthase (nNOS); B: Choline acetyltransferase (ChAT); C: HuC/D. The size of nNOS-immunoreactive neurons ranged from 50-1050 μm^2^. The size of ChAT-immunoreactive neurons ranged from 50-950 μm^2^. The size of HuC/D neurons ranged from 50-850 μm^2^. The cell perikaryal profile areas of 100 neurons positive for nNOS, ChAT and HuC/D cells from each animal were obtained in the sham (*n* = 5), 2,4,6-trinitrobenzene sulfonic acid (*n* = 5) and brilliant blue G groups (*n* = 5). nNOS: Neuronal nitric oxide synthase; ChAT: Choline acetyltransferase; TNBS: 2,4,6-trinitrobenzene sulfonic acid; BBG: Brilliant blue G.](WJGP-11-84-g011){#F11}

The immunoreactive ChAT neurons demonstrated that the range size ranged from 50 μm^2^ to 950 μm^2^, with 27% to 37% being between 150 μm^2^ and 250 μm^2^ in all groups (Figure [11B](#F11){ref-type="fig"}).

The distribution of HuC/D-positive neurons showed that the size ranged from 50 μm^2^ to 850 μm^2^, with 21% to 43% between 150 μm^2^ and 250 μm^2^ in all groups (Figure [11C](#F11){ref-type="fig"}).

DISCUSSION
==========

The experimental ulcerative colitis model affected ileum myenteric plexus neurons, and these neurons recovered with the use of BBG. The colitis model established by injecting TNBS in ethanol solution is considered effective and is widely used in the literature to produce experimental ulcerative colitis\[[@B10],[@B35]\]. From the DAI, it was possible to observe that the experimental ulcerative colitis affected the weight, change in stool consistency and occult/gross rectal bleeding, and the reduction in these parameters showed an improvement in the condition of the group treated with BBG.

In our work, macroscopic and microscopic analysis of the ileum did not show that the mucosa or submucosa were affected. However, the literature has shown that experimental ulcerative colitis presents superficial inflammation, limited to mucosal and submucosal regions in the distal colon\[[@B6],[@B7],[@B36]\].

Enteric neurons of the distal colon are affected by experimental ulcerative colitis and Crohn's disease\[[@B37]-[@B39]\]. In our study, we observed a decrease in nNOS, ChAT and HuC/D-positive neurons in the ileum, thus demonstrating that experimental colitis in the distal colon may affect neurons in locations distant from the origin of the lesion.

Immunohistochemical studies have demonstrated the expression of P2X7 receptors in the SNE\[[@B6],[@B7],[@B22]\]. Gulbransen et al\[[@B40]\] observed activation of P2X7 receptors during colitis. In our study, we observed P2X7 receptor immunoreactivity in ileum myenteric plexus cells in all groups. We also observed a reduction in the number of P2X7 receptor immunoreactive cells in the TNBS group compared to that in the sham group and recovery of the neurons in the BBG group. da Silva et al\[[@B6],[@B7]\] observed a decrease in P2X7 receptor-positive cells in the distal colon following experimental ulcerative colitis.

Purinergic mechanisms may be involved in the etiology of many conditions that affect the nervous system, due the large extracellular release of ATP\[[@B41]\]. Changes in purinergic receptor expression in neurons are observed in neuronal maturation, differentiation, acute CNS injuries, such as hypoxia ischemia, mechanical stress and inflammation.

It was observed that experimental ulcerative colitis affected neuronal classes in the ileum. In this study, a decrease in nNOS-, ChAT- and HuC/D-immunoreactive neurons per µm^2^ was observed, and the recovery of these neurons per µm^2^ was observed with BBG treatment. It has been observed that several classes of enteric neurons are affected in Crohn\'s disease and experimental ulcerative colitis\[[@B8],[@B38],[@B39],[@B42]\]. Studies have demonstrated that ischemia and reperfusion decrease the number of enteric neurons\[[@B23]\] and treatment with BBG, a P2X7 antagonist, recovers rat enteric neurons\[[@B29]\]. Additionally, transient receptor potential channel vanilloid 2 (TRPV2) and the release of nitric oxide (NO) are related to intestinal motility\[[@B43]\].

Enteric glial cells have different functions in the face of gastrointestinal disorders\[[@B44],[@B45]\]. In our study, we observed a decrease in GFAP immunoreactive glia in the ileum of the TNBS group compared to that in the sham group and recovery in the BBG group.

The evaluation of morphometric changes (measurement of cell profile area) has been widely studied in several experimental protocols. In the present work, the analysis of the profile of the nNOS-, ChAT- and HuC/D-ir neurons was performed to determine changes in the profile areas in these neuronal classes. However, only nitrergic neurons of the TNBS group showed a decrease, and those treated with BBG demonstrated recovery. The increased neuronal profile area could be explained as a compensatory mechanism due to neuronal death in the TNBS group\[[@B6],[@B29]\].

The literature elucidates the neuroprotective role of P2X7 receptor blockade, as well as a possible increase in the expression of anti-inflammatory factors IL-10 and TGF-β1 by KO P2X7 mice, expressly helping to control inflammation\[[@B27],[@B29],[@B46]\].

Studies have described that gastrointestinal epithelia release ATP and Transient Receptor Potential Vanilloid 4 (TRPV4) is expressed throughout the gastrointestinal epithelia\[[@B47]\].

The importance of this work is to demonstrate that experimental ulcerative colitis affects distant organs such as ileum myenteric neurons that express the P2X7 receptor. In addition, BBG treatment was shown to be effective in the recovery of ileum myenteric neurons, thus demonstrating that the P2X7 receptor may be a possible therapeutic target in the treatment of the effects of experimental ulcerative colitis. Also, has been described that the expansion of the inflammatory process from the distal neck to the distal ileum.

ARTICLE HIGHLIGHTS
==================

Research background
-------------------

The enteric nervous system performs functions in gastrointestinal tract such as motility, control of gastric acid secretion, regulation of fluid movement through the epithelium. This system has two ganglionic plexuses, the myenteric plexus and the submucosal plexus. Inflammatory bowel diseases (IBDs) are disorders that include ulcerative colitis and Crohn\'s disease. In experimental ulcerative colitis, there are changes in enteric neurons. The P2X7 receptor has been described in the ENS.

Research motivation
-------------------

Studies have demonstrated that P2X7 antagonist, brilliant blue G (BBG) recovers neurons following injuries.

Research objectives
-------------------

The topics of this work were to analyze the effects of experimental ulcerative colitis in enteric neurons and enteric glial cells in the ileum in animals treated with P2X7 antagonist (BBG).

Research methods
----------------

The rats were anesthetized with a mixture of xylazine (20 mg/kg) and ketamine (100 mg/kg) administered subcutaneously. Inflammation was induced through the intrarectal insertion of a polypropylene 8 cm cannula. 2,4,6-trinitrobenzene sulfonic acid (TNBS, Sigma, Saint Louis, United States) was injected at a dose of 30 mg/kg in 600 μL of 30% ethanol in the colon lumen (*n* = 5). Sham animals (*n* = 5) were injected with vehicle. BBG (50 mg/kg, Sigma Aldrich, United Kingdom, *n* = 5) or saline was injected 1 h following TNBS injection (*n* = 5). The survival time after colitis induction was 24 h. For immunohistochemistry, fresh segments of the ileum were dissected after fixed. Double labeling has been done of P2X7 receptor with neuronal nitric oxide synthase (nNOS), choline acetyltransferase (ChAT), and HuC/D (a pan-neuronal marker) and enteric glial cells immunoreactive for glial fibrillary acidic protein (GFAP). The stained tissue specimens were examined using a Nikon 80i ﬂuorescent and Confocal microscope. The counting of the neurons per area and glial cell were done in ﬂuorescent microscope.

Research results
----------------

The numbers of nNOS-, ChAT-, HuC/D- immunoreactive (ir) neurons and GFAP-ir glial cells were decreased in the TNBS group and recovered in the BBG group. The neuronal profile area (μm^2^) demonstrated that nNOS-ir neurons decreased in the TNBS group and recovered in the BBG group. There were no differences in the profile areas of ChAT- and HuC/D-ir neurons. Our data conclude that ileum myenteric neurons and glial cells were affected by ulcerative colitis and that treatment with BBG had a neuroprotective effect. Thus, these results demonstrate that the P2X7 receptor may be an important target in therapeutic strategies.

Research conclusions
--------------------

Ileum myenteric neurons and glial cells were affected by experimental ulcerative colitis and that treatment with P2X7 receptor antagonist, BBG had a neuroprotective effect. The results demonstrate that the P2X7 receptor may be an important target in therapeutic strategies. P2X7 receptor may be a possible therapeutic target in the treatment of the effects of experimental ulcerative colitis Ileum myenteric neurons and glial cells were affected by experimental ulcerative colitis and treatment with BBG may recover enteric neurons. P2X7 receptor may be a possible therapeutic target in the treatment of the experimental ulcerative colitis. Injection of BBG (50 mg/kg, Sigma Aldrich, United Kingdom) for experimental ulcerative colitis and effects in the distal ileum. Inflammation was induced through the intrarectal insertion of a polypropylene 8 cm cannula. 2,4,6-trinitrobenzene sulfonic acid (TNBS, Sigma, Saint Louis, United States) was injected at a dose of 30 mg/kg in 600 μL of 30% ethanol in the colon lumen. There was affected the distal ileum. Additionally, injection of BBG recover enteric neurons distal ileum. Studies show that BBG is a P2X7 antagonist, and its low toxicity and high selectivity make this compound an ideal candidate to block the adverse effects of P2X7 receptor activation. BBG treatment was shown to be effective in the recovery of ileum myenteric neurons, thus demonstrating that the P2X7 receptor may be a possible therapeutic target in the treatment of the effects of experimental ulcerative colitis.

Research perspectives
---------------------

Study of effects of the experimental ulcerative colitis in the ileum and may use of the P2X7 receptor for therapeutic target. Additionally, study effects of BBG in the distal colon following experimental ulcerative colitis. The direction of the future research will be study effects of the experimental ulcerative colitis of myenteric neurons in the P2X7 receptor-deficient animals. The best method will be use P2X7 receptor-deficient animals.
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